Introduction
The first crown ether (dibenzo-18-crown-6) was reported by Pederseni n1 967 [1] and represents ah ost molecule that can encapsulates cationic guests such as alkali metal ions and ammonium.
[2] Theg uest selectivity of crowne thers can be controlled by the ring size, skeleton, andd onor atoms. Sincet heir discovery, av ariety of crown ether derivatives have been synthesized. For example, various azacrown and thiacrown derivatives, [3, 4] which contain nitrogen and sulfur as donor atoms instead of oxygen, have been prepared. These derivatives exhibit unique guest-encapsulating abilities towardavariety of heavy metal ions in addition to alkali metal ions, and may have applications as heavy-metal ion sensors.
Phosphacrowns possessingt rivalentp hosphorus atoms as donor atoms have also been synthesized. [5] Phosphine is conformationally stable because of the high inversion energy barrier of the phosphorus atom, which allows the phosphorus atom to become ac hiral center. [6] We have developed practical synthetic routes to enantiopure P-stereogenic benzodiphosphacrowns [7a] by using an optically active bisphosphine [8] as ac hiral elementb lock. [9] Phosphorus exhibits ah igh affinity towards transition metals, and phosphines can be used as ligands for transition-metal-catalyzed asymmetric reactions. Previously,w ed isclosed that diphosphacrowns could coordinate transition metals such as Pt II and Pd II ;n otably,t he metals were captured outside of the ring. [7a] However,t he complexation of other metal ions has not been investigated. In this study,a liphatic diphosphacrowns (R,R)-1b-e with 12-, 15-, 18-, and 21-membered rings, respectively,w ere synthesized (Figure 1 ). [7a] The complexation of alkali metal ions was investigated, in addition to that by benzo-18-diphosphacrown-6 (R,R)-1a ( Figure 1 ).
Results and Discussion

Synthesis
Aliphatic diphosphacrowns with various ring sizes were synthesized by using as econdary bisphosphine (S,S)-2-BH 3 ,a ss hown in Scheme 1. The synthesis of the secondary bisphosphinew as established by CrØpy and Imamoto. [8] The secondary phosphine proton of (S,S)-2-BH 3 is readily exchanged with Li through the reaction with alkyllithium reagents, owing to the electron-withdrawing character of coordinated boranes. The treatment of (S,S)-2-BH 3 with nBuLi afforded the dilithiated species, which could be reacted with electrophiles. Without isolation, ditosylates were added to the dilithiated speciest o obtaint he enantiopurea liphatic diphosphacrown-borane complexes (R,R)-1b-e-BH 3 in moderate isolated yields. Their structures were confirmed by 1 H, 13 C, and 31 PNMR spectroscopy (Figures S1-S12i nt he Supporting Information) as well as high-resolution mass spectrometry (HRMS). Furthermore, the Phosphine is conformationally stable because of the highi nversion energy barriero ft he phosphorus atom,w hich allows the phosphorusa tom to becomeachiral center.T hus, enantiopure P-stereogenic 12-, 15-, 18-, and 21-membered aliphatic phosphines "diphosphacrowns" were synthesized from secondary P-stereogenic bisphosphine as ac hiral buildingb lock. Their complexation behaviors with alkali metal ions are investigated in comparison with benzo-18-diphosphacrown-6 and benzo-18-crown-6. 15-, 18-, and 21-Membered diphosphacrownscaptured alkali metal ions to form 1:1metal complexes. Unique guest selectivity was observed, as diphosphacrowns encapsulated smaller alkali metal ions than common crown ethers;f or example, 18-membered diphosphacrowns interacted more strongly with Na + than K + .The differenceinguest selectivity between diphosphacrownsa nd common crown ethers is speculated to result from the cavity size, owing to the large phosphorus atom as well as steric hindrance aroundt he phosphine moiety. structures of (R,R)-1b-BH 3 and (R,R)-1c-BH 3 were confirmed by using X-ray crystallography ( Figure 2a nd Table S1 ). [10] The single crystals were formedf rom CH 2 Cl 2 and hexane (good and poor solvents, respectively), whereas suitable single crystals of (R,R)-1d-BH 3 and (R,R)-1e-BH 3 could not be obtained, because of the long and flexible oligo(ethyleneoxy) chains.
Complexation:S toichiometry
The complexation behaviors of (R,R)-1a prepared previously [7] and (R,R)-1b-e with five alkali metal ions (Li + ,N a + ,K + ,R b + , and Cs + ,r espectively) were examined. The removalo fb oranes from (R,R)-1a-e-BH 3 wascarried out by adding excessCF 3 SO 3 H and successive treatment with KOH; [11] the reactionc onditions are shown in the Experimental Section. The complete removal of the boranes was confirmed by using 31 PNMR spectra, as shown in Figure S13 .
The complexation stoichiometry was determined by using Job plotsa nd nonlinear curve fitting.
[12] Hexafluorophosphate salts (MPF 6 ;M= Li, Na, K, Rb, and Cs) were used. The association constants were estimated through titration by using 31 PNMR spectrsocopy,a nd the data are summarized in Table 1 .
The complexation of alkali metal ions (Li + ,N a + ,a nd K + ) with benzo-18-diphosphacrown-6 (R,R)-1a was evaluatedb y 31 PNMR spectroscopy ( 31 PNMR spectra for Job plotsa re shown in Figures S15-S17 and for titration are shown in Figures S18-S20 ). The Job plots are shown in Figures 3a-c;( R,R)-1a formed1:1 complexes with Li + ,Na + ,and K + . With 12-diphoshacrown-4 (R,R)-1b,n oc hange in the chemical shifts of the 31 PNMR spectra were observed upon addition Scheme1.Synthesis of diphosphacrowns (R,R)-1b-e-BH 3 .Reagents and conditions:a )THF, À78 8C, 1h;b)THF,f rom À78 8Cfor 1hto rt for 48 h. ChemistryOpen 2016, 5,325 -330 www.chemistryopen.org of alkali metal ions ( Figure S14 ), suggesting that (R,R)-1b did not form ac omplex with alkali metal ions. Generally,1 2-crown4r ing skeletons can captures mall alkali metal ions such as Li + and Na + .
[2] However,t he 12-membered ring of (R,R)-1b would be too small to encapsulate guest molecules even as small as 
Complexation:A ssociation Constant
The association constants (log K)o fd iphosphacrowns with alkali metal ions werec alculated. In the case of (R,R)-1a,l og K values were estimated to be 1.50, 3.99, and 2.37 m
À1
,a ss hown in Figure 4a -c, respectively,and in entry 1inT able 1. The selectivity followed the order Li + < K + < Na + ;t hus, (R,R)-1a interacted with Na + more strongly than K + . The log K values for (R,R)-1c were calculated to be 1.65 and 1.00 m
,r espectively ( Figure S28 and entry 3i nT able 1). Althought he valuesw ere low,i nteraction with Li + was preferred over that with Na + ,despite the 15-membered crown ring. The log K values of (R,R)-1d with Li + ,N a + ,a nd K + were calculated, and the values were 2.44, 4.53, and 3.09 m À1 ,a ss hown in Figure S36 a-c, respectively,a nd in entry 4i nT able 1. The selectivity wasi denticalt ot hat of (R,R)-1a (Li + < K + < Na + ), whereas (R,R)-1d and (R,R)-1a encapsulated Na + more strongly than K + . The log K values of (R,R)-1e were calculated to be 2.37, 3.44, 4.39, 4.23, and 3.79 m À1 ( Figure S48 a-e, respectively,a nd entry 5i nT able1).
For comparison, we selected benzo-18-crown-6 as ar epresentativec rowne ther derivative, and the complexation behaviors with alkali metal ions (Li + ,N a + ,a nd K + )w eree xamined under the same conditions. According to the titrationr esults obtained by using 1 HNMR spectroscopy,t he log K values with Li + ,N a + ,a nd K + were calculated to be 2.72, 3.72, and 3.96 m
( Figure S49 and entry 6i nT able 1). As expected, the order of the selectivity wasL i + < Na + < K + ,w hich was in accord with previousr eports. [2a,b, 13] Generally,1 8-membered crowne ther derivatives including heteroatom-containing crown ethers have strong affinities toward K + .F or example, the log K values of benzo-18-crown-6 with Na + andK + in Me 2 SO at 25 8Cw ere ,r espectively, [13a] and those in MeOH at 25 8Cw ere estimated to be 4.03 and5 .27 m À1 ,r espectively.
[13b] The difference in guest selectivity between diphosphacrownsa nd commonc rown ethers is speculated to result from the cavity size as well as steric hindrance around the phosphorus atom. Although ac arbon-phosphorus single bond (1.83 ) is longert han carbon-oxygen single bond (1.50 ), the atomic radius of the phosphorus atom (098 ) is much larger than that of the oxygen atom (0.48 );t hus, the cavity size of ad iphosphacrown is smaller than that of ac ommon crown ether.C avity sizes of 18-diphosphacrown-6 and 18-crown-6 were estimated by the cavity area, on the assumption that all atoms in the ring skeleton are on the same plane, as shown in Figure S50 .
Guest-Exchange Study
The guest-exchange behaviors of (R,R)-1a were monitored by using 31 PNMR spectra,a ss hown in Figure 5 . Addition of three equivalents of Na + to the (R,R)-1a-K + complex solution led to complete guest exchange, owing to the larger K value of complexation with Na
.37] (entry 1i nT able 1). The signal at À11.1 ppm disappeared, and an ew signal was observed at À22.5 ppm. On the other hand, when four equivalent free benzo-18-crown-6 moieties were added to (R,R)-1a-K + complex solution, K + was movedt ob enzo-18-crown-6, which has al arger K value [log K(K + ) = 3.96, entry 5i nT able 1] than (R,R)-1a [log K(K + ) = 2.37, entry 1i nT able 1].T hus, the signal at À11.1 ppm was shifted to À0.4 ppm, which wast he identical chemical shift of free bisphosphine in (R,R)-1a.
The association constants of aliphatic diphosphacrown (R,R)-1d with alkali metals were larger than those of benzodiphosphacrown (R,R)-1a;f or example, the log K(Na + )v alue of (R,R)-1d was 4.53 m À1 ,w hereas that of (R,R)-1a was 3.99 m
À1
.T herefore, the relative encapsulating selectivity among Li + ,N a + ,a nd K + was examined.
were 27.2 and 4.5, respectively,w hereas K(Na
were 32.1 and 7.3, respectively.T hus, the relative encapsulating selectivity of the benzodiphosphacrown was highert han that of the aliphatic diphosphacrown. Aliphatic diphosphacrowns have flexible ethyleneoxy chains, resulting in larger encapsulating abilities and lower encapsulatings electivitiest han benzodiphosphacrowns.
Conclusions
P-Stereogenic1 2-, 15-, 18-, and2 1-membered diphosphacrownsw ere synthesized from secondary P-stereogenic bisphosphine as ac hiral building block. 15-, 18-, and 21-Membered diphosphacrowns captured alkali metal ions, and the corresponding Job plots indicated the formation of 1:1m etal complexes.N otably,u nique guest selectivity was observed,a s diphosphacrowns encapsulated smaller alkali metal ions than common crown ethers. For example, 18-membered diphosphacrownsi nteracted more strongly with Na + than K + .T he relative encapsulatings electivity of the benzodiphosphacrown www.chemistryopen.org was greater than that of aliphatic diphosphacrown, owing to the phosphorus atom being larger than oxygen asw ell as the steric hindrance aroundthe phosphorus atom. The flexible ethyleneoxy chain of the aliphatic diphosphacrowns resulted in alarger encapsulating ability and lower encapsulating selectivity than the rigidp henylene skeleton of the benzodiphosphacrown.
Experimental Section
General 1 H( 400 MHz) and 13 C( 100 MHz) NMR spectra were recorded on aJ EOL JNM-EX400 spectrometer,a nd samples were analyzed in CD 3 CN or CDCl 3 by using Me 4 Si as an internal standard.
31 P (161.9 MHz) NMR spectra were also recorded on aJ EOL JNM-EX400 spectrometer,a nd samples were analyzed in CD 3 CN or CDCl 3 by using H 3 PO 4 as an external standard. The following abbreviations are used;s :s inglet, d: doublet, t: triplet, q: quartet, m: multiplet, and br:b road. HHRMS spectra were obtained on aT hermo Fisher Scientific EXACTIVE for electron-spray ionization (ESI). Optical rotations were measured on aR udolph Research Analytical AUTOPOL IV instrument by using CHCl 3 as as olvent. Analytical thin-layer chromatography was performed with SiO 2 60 Merck F 254 plates. Column chromatography was performed with Wakogel C-300 SiO 2 or MERCK Al 2 O 3 90 active basic.
Materials
THF and Et 2 Ow ere purchased and purified by the GlassContour solvent purification system. [14] Dehydrated-grade toluene and EtOH were purchased and used without further purification. Bisphosphine (S,S)-2-BH 3 was synthesized following the method described in the literature. [8] The other materials were purchased and used without further purification. Alkali metal salts RbPF 6 and CsPF 6 were prepared by using the procedure in the literature. [15] All reactions were performed under an Ar atmosphere using standard Schlenk techniques.
Synthesis of P-Stereogenic Diphosphacrowns
At ypical procedure is as follows. ATHF solution (30 mL) of (S,S)-2-BH 3 (117.0 mg, 0.50 mmol) was cooled to À78 8Cu nder an Ar atmosphere. To this solution, nBuLi (1.6 m in n-hexane, 0.75 mL, 1.2 mmol) was added with as yringe. After stirring for 1h,aTHF solution (20 mL) of triethylene glycol ditosylate (229.3 mg, 0.50 mmol) was added with as yringe. The reaction mixture was allowed to warm to room temperature. After stirring for 48 h, the reaction was quenched upon addition of H 2 O( 30 mL). The organic layer was extracted with EtOAc (50 mL 3). The combined organic layers were washed with brine and dried over MgSO 4 .A fter filtration, the solvent was removed in vacuo. The residue was subjected to column chromatography on SiO 2 with EtOAc and hexane (v/v = 2/1) as an eluent. The solvent was removed in vacuo to afford (R,R)-1b-BH 3 (120.4 mg, 0.35 mmol, 69 %) as ac olorless solid. 
Removal ofB orane from Diphosphacrown
All sample preparation procedures were performed under an Ar atmosphere. To as olution of (R,R)-1-BH 3 (0.10 mmol) in degassed dry toluene (0.5 mL), CF 3 SO 3 Ha cid (0.5 mL, 6mmol) was added through as yringe. After stirring for 2hat room temperature, toluene was removed in vacuo. The residue was dissolved in degassed EtOH (3 mL) and added to degassed KOH aqueous solution (1.1 g, 20 mmol KOH in 20 mL H 2 O). After stirring for 5h at 50 8C, the solution was allowed to cool to room temperature. Then, extraction with degassed Et 2 Ow as carried out. The organic layer was dried over MgSO 4 and purified with column chromatography on Al 2 O 3 (active basic) to obtain (R,R)-1 as acolorless solid.
Determination of Stoichiometry by Job Plot
The "total concentration of (R,R)-1 and MPF 6 "a nd the "solvent ratio (CDCl 3 /CD 3 CN, v/v = 1/1)" were both constant, and (R,R)-1 in CDCl 3 solution and MPF 6 in CD 3 CN solution were added to aN MR tube at various ratios. In each case, the 1 HNMR and 31 PNMR spectra were monitored, and the data were analyzed by using the Job plot method. The stoichiometry was obtained from the x coordinate at the maximum in the Job plot curve. In this case, the y axis is j Dd j 
Determination of Association Constants
Determination of the association constants for the (R,R)-1-MPF 6 complexes was carried out by means of an NMR titration technique in CDCl 3 /CD 3 CN (v/v = 1/1) at 25 8C. The concentration of (R,R)-1, [H] 0 ,i nC DCl 3 was kept constant, while the concentration of MPF 6 , [G] , in CD 3 CN was varied. These two solutions were mixed, and 1 H and 31 PNMR spectra were recorded. The host-guest complexation equilibrium has as ufficiently fast exchange rate compared to the NMR timescale, showing only one set of resonances for the ligand protons and phosphorus. The association constants were determined through nonlinear curve-fitting analysis with complexationinduced downfield or upfield shifting of the data for the host protons upon the addition of ag uest. In this case, the association constants calculated individually from the chemical shift variation of protons and phosphorus were almost identical;t herefore, all binding constants were calculated from the data of 31 PNMR spectra. The y axis is j Dd j ,a nd the x-axis is [G] . The association constant K and j Dd max j were calculated from Equation (1) by using nonlinear curve fitting:
Guest-Exchange Study
As tock solution of (R,R)-1a (1.6 10 À2 m)i nC DCl 3 /CD 3 CN (v/v = 1/ 1) was prepared, and a 31 PNMR spectrum was recorded (state I). Then, three equivalents of KPF 6 were added to the solution, and the 31 PNMR spectrum was subsequently recorded (state II). To the stock solution containing (R,R)-1a and KPF 6 ,N aPF 6 [3 equiv against (R,R)-1a] was added, and the 31 PNMR spectrum was again recorded (state III). In addition, to the stock solution containing (R,R)-1a and KPF 6 ,b enzo-18-crown-6 [4 equiv against (R,R)-1a]w as added, and the final 31 PNMR spectrum was recorded (state IV).
